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The 3*-terminal half of the beet yellow stunt virus (BYSV) genome, 10,545 nt, has been cloned and sequenced. The
sequenced portion of the BYSV genome encompasses 10 open reading frames (ORFs) and 241 nt of the 3* untranslated
region. The sequence spans, in the 5* to 3* direction, the C-terminal region of the replication-associated polyprotein gene
(ORF 1a) which includes the set of motifs typical of helicases (HEL), the entire 53-kDa polymerase (RdRp) gene (ORF 1b),
and genes encoding 30-kDa (ORF 2), 6-kDa (ORF 3), 66-kDa (ORF 4), 61-kDa (ORF 5), 25-kDa (ORF 6), 23.7-kDa (coat protein,
CP) (ORF 7), 18-kDa (ORF 8), and 22-kDa (ORF 9) proteins. The double-stranded RNA ‘‘replicative form’’ of the BYSV was
demonstrated to have a nontemplate G residue at the 3* terminus of the (/) strand. The RdRp of BYSV is presumably
expressed via a /1 ribosomal frameshift. The five-gene module conserved among closteroviruses was identified in BYSV;
it includes a gene array coding for a 6-kDa small hydrophobic protein, a 66-kDa homolog of the cellular HSP70 heat shock
proteins, a 61-kDa protein, and a 25-kDa diverged copy of the CP followed by the CP gene itself. Phylogenetic analysis of
the replication-associated HEL and RdRp domains as well as proteins from the five-gene module demonstrated the closest
relationship between BYSV and two other closteroviruses, beet yellows (BYV) and citrus tristeza (CTV) viruses. Like CTV,
the BYSV genome contains a 30-kDa protein gene between the RdRp and the 6-kDa protein genes, and like BYV it has only
two genes downstream of the CP gene. The organization of the BYSV genome appears to be intermediate between BYV
and CTV, which suggests that these three viruses might represent three distinct but probably close stages in the closterovirus
evolution. q 1996 Academic Press, Inc.
INTRODUCTION ized so far encode blocks or modules of homologous,
closely related genes, but each of the viruses have ge-
Closteroviruses have been traditionally defined as
nome organizations that are unusually different for vi-
plant viruses with thread-like, flexuous virions that are
ruses within the same group, and, therefore, a creation of
transmitted by insects, causing characteristic cytopathic
the family Closteroviridae was suggested which included
effects in infected plants, and having messenger-sense,
members of the old closterovirus group divided into sep-
single-stranded (ss) RNA genomes of up to 20 kb (cf.
arate genera (Dolja et al., 1994). However, the full range
Bar-Joseph et al., 1979; Dolja et al., 1994; Candresse
of the genome diversity among closteroviruses remains
and Martelli, 1995). Recently, it has been found that the
largely unknown.closteroviruses comprise viruses with an unusual range
Beet yellow stunt virus (BYSV) has a flexuous, filamen-of different genome organizations. The type member of
tous virion of ca. 1400 nm long and 12.5 nm in diameterthe closterovirus group, beet yellows closterovirus (BYV,
(Duffus, 1972, 1973, 1979). Virions are composed of one15.4-kb genome; Agranovsky et al., 1994) has 9 open
molecule of ssRNA of ca. 6.1 1 106 Da and one speciesreading frames (ORFs) on a single RNA, but so far, no
of the coat protein (CP) of ca. 24.5 kDa (Reed and Falk,other closterovirus with the same genome organization
1989). BYSV differs from BYV in host range and vectorhas been described. The genome organizations of two
specificity, and lacks serological cross-reactivity (Duffus,other closteroviruses have been characterized, citrus
1972, 1973; Reed and Falk, 1989). The double-strandedtristeza virus (CTV, one 19.3-kb genome component, 12
(ds) RNA profile of BYSV differs substantially from thatORFs; Karasev et al., 1995) and lettuce infectious yellows
of BYV (Reed and Falk, 1989; Karasev et al., 1994). Avirus (LIYV, two genome components of 8.1 and 7.1 kb,
2837-nt fragment of the BYSV genome recently was9 ORFs; Klaassen et al., 1995). Closteroviruses character-
cloned using the degenerate primers targeted to the
most conserved genes of closteroviruses, and BYSV ge-
1 Florida Agricultural Experiment Station Journal Series R-05136. The
nome was found to contain the hallmark of closterovi-nucleotide sequence data reported in this article have been deposited
ruses, a homolog of cellular heat shock related proteinswith the GenBank database under Accession No. U51931.
2 To whom reprint requests should be addressed. (HSP70) (Karasev et al., 1994). Analysis of a fragment of
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the BYSV RNA-dependent RNA polymerase (RdRp) re- cDNA synthesized using (dT)16 primer. Two resulting
PCR products, about 600 and 100 bp, respectively, werevealed its close relationship to RdRp’s of both BYV and
CTV (Karasev et al., 1994; Dolja et al., 1994). However, digested with XhoI (M177 – M111 product) and with XhoI
plus SspI (M194 – M111 product) restriction enzymes.BYSV has an additional gene between the RdRp and the
HSP70; a homolog of this gene is missing from the BYV The resulting XhoI fragment of the M177 – M111 product
was cloned into the XhoI site, and XhoI/SspI fragmentgenome, but is present in CTV. Based on these data, it
was suggested that BYSV genome structure might be of the M194 – M111 product was cloned between SalI
and EcoRV sites of the pBluescript (SK).closer to CTV than to BYV (Karasev et al., 1994).
To address the closterovirus genome diversity, we ini-
Cloning, sequencing, and sequence analysistiated characterization of the genome of another defini-
tive closterovirus, BYSV. We present data that demon- In most cases, PCR products were treated with the T4
DNA polymerase, phosphorylated, fractionated in low-strate a new, different genome organization within the
closterovirus group. The data obtained indicate that BYV, melting-temperature agarose gels, and ligated into SmaI-
digested pBluescript (SK) vectors as described pre-BYSV, and CTV may represent three distinct but probably
close stages in the closterovirus evolution. viously (Karasev et al., 1994). For the 3*-end cloning, vi-
rus-specific fragments were cloned either into the XhoI
or between the SalI and the EcoRV sites of the pBlue-MATERIALS AND METHODS
script (SK). BYSV-specific inserts were sequenced di-
Virus source, RNA isolation, and cDNA synthesis rectly in dsDNA plasmids using the Sequenase 2.0 kit
(USB) according to the manufacturer’s instructions. Uni-A field California isolate of BYSV was kindly provided
versal T3 and T7 primers were used to sequence theby J. E. Duffus (USDA, Salinas, CA) as a virus-infected
ends of inserts and virus-specific primers to sequenceplant material, sowthistle (Sonchus oleraceus L.) (Kara-
the rest of the cDNAs. Both strands were sequenced atsev et al., 1994). Virus-specific dsRNAs were isolated
least twice. The position of the exact 3*-terminal nucleo-from the infected sowthistle tissue by two cycles of CF-
tide was verified by the run-off reverse transcription per-11 cellulose column chromatography according to the
formed as described previously for CTV (Karasev et al.,procedure of Valverde et al. (1990). After denaturation
1995). Briefly, the sense-strand M194 primer (Table 1)with the 20 mM methylmercury hydroxide the first-strand
was 5*-labeled using [g-32P]ATP and polynucleotide ki-cDNA was synthesized as described previously (Karasev
nase (Promega), and total BYSV dsRNA preparation waset al., 1994), except the Superscript II reverse tran-
denatured with 25 mM methylmercury hydroxide, an-scriptase (BRL) was used instead of the Moloney murine
nealed for 20 min with the 5*-end-labeled M194 primer,leukemia virus enzyme. In some experiments, prior to
and incubated with the avian myeloblastosis virus re-the cDNA synthesis dsRNAs were polyadenylated for 20
verse transcriptase (Promega) at 427 for 1 hr. The synthe-min using the yeast poly(A)-polymerase (USB) according
sized run-off transcripts were analyzed in 6% sequencingto the manufacturer’s instructions.
gels side-by-side with the sequencing reactions per-
formed on the 3*-terminal clones of the g110 series usingPrimers and cloning strategy
the same M194 primer.
The sequence obtained was conceptually translatedPrimers used for cloning and run-off transcription are
listed in Table 1. To clone the 3*-terminal half of the using the PROTMAKE program (Brodsky et al., 1990), and
a probability of ORFs to be expressed was evaluatedBYSV genome, two approaches were utilized, either
targeting the conserved helicase (HEL) domain of the by the algorithm of Trifonov (1987). Putative translation
products were compared with the nonredundant se-BYSV replication-associated protein or random, step-
by-step walking in 5* and 3* directions from the already quence database of the National Center for Biotechnol-
ogy Information using the BLAST program (Altschul etsequenced fragment of the virus genome according to
the previously described procedures (Karasev et al., al., 1990, 1994). Multiple sequence alignments were gen-
erated with the MACAW program (Schuler et al., 1991).1994, 1995). To clone the exact 3* terminus of the BYSV
genome we used the polyadenylated dsRNA template Phylogenies were inferred by the programs from the
PHYLYP package (Felsenstein, 1993). Analysis of thefor cDNA synthesis followed by PCR amplification of the
3*-terminal region with the oligo(dT)-containing primer RNA secondary structure was performed with the STAR
program (Version 1.0, F. H. D. van Bratenburg, UniversityM111 and the specific (/) sense primers M177 and
M194 located close to the 3* end. Clone o7 (Fig. 1) of Leiden).
was generated following PCR on the first-strand cDNA
Expression of the ORF 7-encoded protein insynthesized on the denatured dsRNA template using
Escherichia coli and immunoblottingoligo(dT)-containing primer M111. However, run-off
transcription data indicated that o7 insert is 19 bases ORF 7 was amplified from the first-strand cDNA syn-
thesized on the denatured BYSV dsRNA using primersshort of the 3* end. The PCR was repeated on another
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TABLE 1
Primers Used for Cloning and Primer Extension
Primer ID Primer sequencea Clone(s) generated
Plus-sense primers
M30 GTTGCNCCNCCNGGNGGNGGNAARAb v4
D2262 GAGGCGGATATTTCGAGCT w2
D2461 GTGCTCCCGTTCCGTTTGTAGGAA b110, b23
M130 CCTTGGACGAAGACATTTACCA q32
M159 GCGGCATAAATCGAAGCCAA s18
M170 GAAACGCTGCTACAGCATCTT d3
M177 GGCAACTCATCAGAGCCGAGAT o7, g110
M189 ggtgaattcGCTGGTGGAAATGATGAGGGAT pBS-Cp
M194 CGAGAACGTTGGCAAGAGCCAA f23
Minus-sense primers
M29 CGAAACCGAACTCTTCGTAGA v4
D2459 GGCCGTAAGTACTAGAATCCTA y12, y16
M111 ggtctcgagtttttttttttttttttt O7, g110, f23
M188 gctggatccTCATTTAGACGATCCCCCAAGA pBS-CP
a Virus-specific sequences are presented in uppercase letters, restriction sites introduced to facilitate cloning are underlined.
b Redundancy code; R, (AG): N, (ACGT).
M189 and M188 (Table 1). The primers were designed a Tris–glycine–SDS discontinuous system of Laemmli
(1970), proteins were electroblotted onto nitrocelluloseto facilitate cloning of the resulting PCR product into
the expression vector pMAL-c2 (New England Biolabs, membranes (Towbin et al., 1979) and probed with either
BYSV- or CTV-specific antisera. The rabbit BYSV antise-Beverly, MA) between EcoRI and BamHI sites. Cloning,
expression, and purification of the recombinant fusion rum raised against partially purified BYSV virions was
provided by J. E. Duffus (USDA, Salinas, CA), and theprotein which contained the complete ORF 7-encoded
protein product (lacking the first Met residue) and an N- CTV-specific immunoglobulins were isolated by a protein
A–Sepharose column chromatography from rabbit anti-terminal tag of the E. coli maltose-binding protein of ca.
42 kDa were performed as described previously for the serum 1053 (laboratory collection) raised against purified
virions. Incubations of the membranes with the goat anti-CTV coat protein (Nikolaeva et al., 1995). After electro-
phoresis in 8 to 20% gradient polyacrylamide gels in rabbit alkaline phosphatase conjugates and staining with
FIG. 1. Diagram showing the BYSV genome cloning strategy. Boxes represent ORFs numbered above the diagram; the left border of the incomplete
ORF 1a is marked by the dashed line. Protein products encoded by the respective ORFs are indicated in the boxes. Horizontal lines below represent
the clones generated with the respective designations.
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NBT/BCIP were performed as described previously (Ni-
kolaeva et al., 1995).
FIG. 2. Alignment of the nucleotide sequences of the 3* untranslated
RESULTS AND DISCUSSION regions for BYSV, BYV, and CTV genomes. Positions identical in at
least two sequences are typed in uppercase letters, positions identicalThe 3* half of the BYSV genome encompasses 10
in all three sequences are highlighted in bold. The distance to the RNA
ORFs encoding protein products ranging from 6 to 66 3* terminus is indicated in parentheses. For the overlined stretch of 60
kDa and a 3*-terminal untranslated region (UTR) of 241 nt nt the probability of matching three sequences by chance was esti-
mated with the MACAW program to be below 31 1002. Complementary(Fig. 1). Numbering of these ORFs follows the convention
regions capable of forming a ‘‘hairpin’’ structure are underlined. BYVsuggested for closteroviruses, with the 5*-proximal,
sequence is from Agranovsky et al. (1994), and CTV sequence is fromlargest ORF designated ORF 1a, and the next RdRp-en-
Karasev et al. (1995).
coding ORF designated as ORF 1b (Dolja et al., 1994).
The 10,545-nt portion of the BYSV genome including the
3* terminus was cloned using a combination of degener- strands is a common feature of the replicative forms
ate primer-mediated PCR and random walking, similar of positive-strand RNA viruses, which is believed to be
to the strategy utilized for cloning of the CTV genome necessary for the RNA replication (cf. Collmer and Kaper,
(Karasev et al., 1994, 1995). Eleven overlapping clones 1985; Wu and Kaper, 1994).
were selected for sequencing (Fig. 1); the 2837-nt se- The length of the 3* UTR of BYSV, 241 nt, is intermedi-
quence of two clones, pBS611 and pBS417, has been ate between BYV (181 nt) and CTV (275 nt) UTRs. The
reported previously (Karasev et al., 1994). The sequence BYV genome was demonstrated to have CCC at the 3*
determined represents 55–60% of the BYSV genome, end of the genome (Agranovsky et al., 1991), the CTV
based on the published estimates (Reed and Falk, 1989; genome ends in CC (A. V. Karasev, unpublished observa-
Karasev et al., 1994). The sequence has been deposited tions) while an additional nontemplate A may be present
in the GenBank data library under Accession No. U51931 in the double-stranded replicative form (Karasev et al.,
and is not presented here as a separate figure. 1995). In this respect, BYSV with CC at the 3* end and a
nontemplate G in the replicative form resembles both
3* UTR BYV and CTV. Using the MACAW program we found a
60-nt stretch of the 3* UTR with marginal sequence con-The 3* terminus of the BYSV genome was cloned after
servation in BYSV, CTV, and BYV (Fig. 2). Interestingly,polyadenylation of the total dsRNA isolated from the
a moderately stable stem-and-loop secondary structureBYSV-infected sowthistle plants and amplification of the
seems to be conserved in the middle of this regionrespective cDNA with the use of an oligo(dT)-containing
(underlined on Fig. 2), with DG values estimated by theprimer M111 and a specific primer M177 located within
STAR program to be between 011 and 013 kcal/mol.ORF 9. The same technique was used for cloning of both
Such conservation of not only the sequence but the sec-termini of the CTV genome (Pappu et al., 1994; Karasev
ondary structure as well seems very provocative. We,et al., 1995). A single, abundant PCR product, produced
thus, might speculate that this particular region couldat several different annealing temperatures, was cloned,
represent a cis-element important for the viral replication,generating clone o7 (Fig. 1), and sequenced. Neverthe-
perhaps a site of the polymerase recognition. However,less, after the run-off transcription performed on the
in addition to this 60-nt stretch, we did not find eitherdsRNA isolated from the BYSV-infected sowthistle, we
sequence or secondary structure conservation in 3*found that the BYSV sequence extended beyond the 3*
UTRs of BYSV, CTV, and BYV genomes, which seem toterminus of the virus-specific insert in the o7 clone by
have the 3*-terminal double C as the only common char-19 nucleotides (data not shown). Subsequent inspection
acteristic.of the 3* UTR sequence suggested that presence of long
oligo(A) tracts at the end of the BYSV genome may have
BYSV-encoded proteins
led to a mispriming which gave rise to the clone o7. A
second cDNA synthesis was performed on the polyade- An incomplete ORF 1a (Fig. 1) encodes the 711-amino-
acid protein product containing a set of motifs character-nylated BYSV dsRNA. However, this time (dT)16 was used
for the first-strand priming instead of the M111 primer. istic of the virus HEL (Gorbalenya and Koonin, 1993). The
downstream ORF 1b encodes a 460-amino-acid proteinSix independent clones were sequenced. In all six cases
the BYSV sequence was 20 bases longer than in the o7 product with the eight conserved motifs characteristic of
the virus RdRp’s (Koonin, 1991; Koonin and Dolja, 1993).clone and extended the length of the run-off transcript
by one nucleotide (data not shown). The 3*-terminal G Comparison of these BYSV (presumably) replication-as-
sociated proteins with other positive-strand RNA virusresidue characteristic of the (/) strand of the BYSV
dsRNA apparently has no complement in the (0) strand proteins revealed the closest relationship to helicases
and polymerases of three other closteroviruses, BYV,and, thus, must be of a nontemplate origin. Presence of
nontemplate nucleotides at 3* termini of (/) and (0) CTV, and LIYV. Alignment of the respective four clostero-
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FIG. 3. Alignments of the BYSV replication-associated HEL domain with the respective proteins of BYV, CTV, and LIYV. The most conserved
motifs typical of viral helicases (Gorbalenya and Koonin, 1993) are indicated above the alignment. Amino acid residues identical in all four sequences
are highlighted in bold; dashes represent gaps introduced to optimize the alignment.
virus helicases (Fig. 3) and RdRp’s (data not shown) sug- plete BYSV 66-kDa protein with HSP70 homologs of BYV,
CTV, and LIYV further confirms this identification (datagests close evolutionary relationships between all four
viruses, as the high degree of similarity extends far be- not shown). HSP70 proteins are a family of multifunc-
tional proteins involved in a variety of ATP-dependentyond the conserved motifs delineated in both types of
proteins (Gorbalenya and Koonin, 1993; Koonin and cellular processes which include protein–protein inter-
actions (Rothman, 1989). BYV-encoded HSP70 protein,Dolja, 1993).
The downstream ORFs 2 and 3 encoding 273- and 51- 65-kDa, was demonstrated to bind bovine brain microtu-
bules in vitro in an ATP-dependent manner (Karasev etamino-acid protein products with the calculated molecu-
lar weights of 30,382 and 5789 Da, respectively, have al., 1992). High similarity in the closterovirus HSP70 se-
quence suggests similar biochemical properties for allbeen described previously (Karasev et al., 1994). ORF 2-
encoded 30-kDa protein has no similarity to any other four proteins. Generally, an HSP70 protein is composed
of a conserved N-terminal fragment which binds and hy-protein in the databases, although it has unrelated, simi-
larly sized and positioned counterparts in the genomes drolyzes ATP, and a variable C-terminal fragment which
is believed to contain a substrate-binding site (Milarskiof two other closteroviruses, CTV (33 kDa), and LIYV (30
kDa) (Karasev et al., 1994; Klaassen et al., 1995). A small and Morimoto, 1989; Bork et al., 1992).
The downstream ORF 5 (Fig. 1) encodes a 534-amino-hydrophobic 6-kDa protein encoded by ORF 3 demon-
strates modest statistical similarity to analogous proteins acid protein product with the calculated molecular weight
of 60,910 Da. This protein has no statistically significantof BYV, CTV, and LIYV (Karasev et al., 1994; Klaassen et
al., 1995). similarity to any protein in the available databases, ex-
cept similarly positioned proteins of other closterovi-The ORF 4 (Fig. 1) encodes a 611-amino-acid protein
product with the calculated molecular weight of 66,472 ruses, 64 kDa in BYV, 61 kDa in CTV, and 59 kDa in LIYV
(data not shown).Da. Based on the analysis of the N-terminal fragment of
this protein, it has been identified as a homolog of the ORFs 6 and 7 code for 227- and 215-amino-acid protein
products with the calculated molecular weights of 25,233cellular heat shock proteins of the HSP70 family similar
to the HSP70 homologs of other closteroviruses (Karasev and 23,670 Da, respectively. ORF 7-encoded 23.7-kDa
protein was identified as the BYSV CP based on theet al., 1994; Klaassen et al., 1995). Alignment of the com-
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sequence comparison to the coat proteins of BYV, CTV,
and LIYV (see below). The calculated MW of 23.7 kDa
was in good agreement with the experimentally deter-
mined value of 24.5 kDa (Reed and Falk, 1989).
To confirm the identification of the ORF 7 as a CP gene
based on the sequence analysis, we cloned the entire
ORF 7, except for the initiator codon, into the expression
vector pMAL-c2, creating a recombinant plasmid, pBS-
CP. After induction with IPTG, E. coli cells harboring this
plasmid produced an abundant protein of 68 kDa absent
in control cells harboring the vector plasmid pMAL-c2 FIG. 4. Phylogenetic relationships of closterovirus coat proteins and
their diverged duplicates. Phylogenetic tree constructed by KITSCH(not shown). The induced protein had the size expected
program after bootstrapping (Felsenstein, 1993). Branch lengths arefor a fusion of the 23.7-kDa protein product of the ORF
drawn approximately to scale.7 and a 42-kDa MBP. This fusion protein (MBP-CP) was
purified from E. coli extracts by affinity column chroma-
tography on the amylose resin and was analyzed by which produced essentially the same results. The tree,
Western blotting. The BYSV-specific antisera recognized arbitrarily rooted between the ACLSV CP and the rest of
MBP-CP, producing a prominent band on immunoblots, the proteins, is shown in Fig. 4. It is worth noting that,
and did not bind analogous fusion protein containing the with the exception of the protein pair of LIYV, the CPs
entire CTV CP, while in a control experiment, the CTV- do not group with their respective duplicates. The latter
specific globulins recognized the CTV fusion protein but group of proteins which might be dubbed minor coat
not the BYSV MBP-CP (data not shown). proteins, appears to be more conserved than the major
Boyko et al. (1992) first demonstrated that the type CPs in closteroviruses. A special case may be repre-
member of the closterovirus group, BYV, had a duplica- sented by the pair of LIYV, which appear to have signifi-
tion of the CP gene, with a diverged duplicate located cantly diverged from the rest of the closterovirus proteins;
just upstream of the CP gene. Similar duplication was a similar pattern of evolution has been reported for other
also found in CTV (Boyko et al., 1992; Pappu et al., 1994). LIYV proteins (Dolja et al., 1994; Klaassen et al., 1995).
In LIYV a possible triplication of the CP gene was re- ORF 8 encodes a 160-amino-acid protein with a calcu-
ported, with the CP gene followed by two fused, highly lated molecular weight of 17,801 Da which does not have
diverged duplicates (Klaassen et al., 1995). BYSV appar- statistically significant similarity to any protein in the da-
ently has the same type of the CP gene duplication as tabases, although similarly sized proteins are also pres-
BYV and CTV. Alignment of all four CPs and the respec- ent in the genomes of BYV and CTV. An ORF 9-encoded
tive duplicate proteins (data not shown) demonstrates 186-amino-acid protein product with the calculated mo-
overall conservation of the CP sequences as well as lecular weight of 21,543 Da demonstrates marginal simi-
presence of invariant amino acids believed to be involved larity to two other closterovirus proteins encoded in the
in the stabilization of the molecule (Dolja et al., 1991), 3*-terminal regions of the BYV (21 kDa) and CTV (20 kDa)
both in CPs and their duplicates. The diverged duplicates genomes (data not shown).
of the BYV and CTV coat proteins were reported to form
an unusual ‘‘rattlesnake’’ structure at the end of the virus RdRp expression via a /1 ribosomal frameshift
particle, i.e., to possess properties of structural proteins
(Agranovsky et al., 1995; M. Bar-Joseph, personal com- BYV, CTV, and LIYV were postulated to express their
RdRp’s via a /1 ribosomal frameshift which is uniquemunication).
We performed phylogenetic analysis of closterovirus among positive-strand RNA viruses (Agranovsky et al.,
1994; Karasev et al., 1995; Klaassen et al., 1995). A modelcoat proteins and their duplicates, using three programs
from the PHYLIP package (Felsenstein, 1993). For the of the /1 frameshift in BYV was proposed implicating
involvement of a GGGUUU slippery sequence immedi-higher reliability of the comparison, only three ungapped,
catenated blocks most conserved in closterovirus CPs ately upstream of the UAG terminator and two hairpin
structures, one preceding and another following the ter-were used for the tree generation. CP of the unrelated
filamentous virus, apple chlorotic leafspot virus (ACLSV; minator (Agranovsky et al., 1994); it assumes mechanistic
similarity with 01 frameshift models (Rohde and Tacke,German et al., 1990), was chosen as an outgroup se-
quence. After bootstrapping the dataset in 100 replicates, 1994; Atkins and Gesteland, 1995; Miller et al., 1995).
Neither of these features is conserved in CTV, and an-phylogenies were inferred using three methods, i.e., the
neighbor-joining method (NEIGHBOR program), the pro- other model was suggested involving ribosome pausing
at a terminator or at a rare codon (Karasev et al., 1995),tein parsimony method (PROTRANS program), and a
method based on the Fitsch–Margoliash algorithm as- similar to the models proposed for yeast retrotransposons
with /1 frameshifts (Farabaugh et al., 1993; Vimaladithansuming the evolutionary clock (KITSCH program), all of
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and Farabaugh, 1994; Farabaugh, 1996). Analysis of the
BYSV sequence in the ORF 1a/1b overlap region suggests
that a /1 ribosomal frameshift might be responsible for
the ORF 1b-encoded BYSV RdRp expression. Alignments
of the C termini of the three helicases (Fig. 5A) and N termini
of the three RdRp’s (Fig. 5B) indicate that the frameshift site
of BYSV is probably located at the same position as the
respective sites of BYV and CTV. Nucleotide sequence
around the proposed frameshift site, position 2131, demon-
strates a rather high level of similarity both to BYV and to
CTV sequences (Fig. 5C). BYSV has a UAG terminator at
the end of the HEL domain which aligns with the UAG
terminator of BYV and the arginine CGG codon of CTV.
Analysis of the BYSV sequence seems to favor the CTV FIG. 6. A diagram depicting the 3*-terminal genome halves for BYV
model of a /1 frameshift, as despite the presence of the (Agranovsky et al., 1994), BYSV, and CTV (Karasev et al., 1995). Boxes
represent ORFs and the protein products encoded are indicated. ORFsUAG terminator, like in BYV, the suggested slippery se-
encoding proteins with statistically significant similarities are dashedquence as well as both stem-and-loop structures are not
similarly. RBP, a 23.5-kDa protein which might have RNA-binding prop-conserved.
erties (Dolja et al., 1994).
Genome structure of BYSV and closterovirus
far, i.e., BYV, CTV, and LIYV. Likewise, BYSV genomeevolution
encodes a five-gene module conserved in closterovi-
Analysis of the BYSV 3*-terminal half of the genome ruses; this module includes genes for an HSP70 homo-
revealed most of the features characteristic of clostero- log, the CP, and its diverged duplicate. Phylogenetic anal-
viruses (Fig. 6). BYSV has both HEL and RdRp proteins ysis of these conserved proteins in closteroviruses sug-
which are phylogenetically closely related to replication- gests a common ancestor for each of these conserved
associated proteins of other closteroviruses studied so genes (Fig. 4; Dolja et al., 1994; Klaassen et al., 1995;
and data not shown). The expression of the BYSV RdRp
domain (ORF 1b) presumably occurs via a /1 ribosomal
frameshift, a peculiar mechanism conserved in BYV, CTV,
and LIYV (Agranovsky et al., 1994; Karasev et al., 1995;
Klaassen et al., 1995), while 3*-proximal ORFs are appar-
ently expressed via formation of a nested set of subgeno-
mic RNAs like in other closteroviruses (Dolja et al., 1990;
Hilf et al., 1995; Klaassen et al., 1995).
However, organization of the BYSV genome is clearly
distinct from those of two other monopartite closterovi-
ruses, BYV and CTV (Fig. 6). It seems to be ‘‘intermediate’’
between BYV and CTV genomes: ORF 2 located between
the RdRp and the 6-kDa protein encoding ORF 3, resem-
bles the corresponding ORF 2 in the CTV genome, while
the two 3*-proximal ORFs, 8 and 9, match the respective
ORFs 7 and 8 of BYV. Intermediate organization of the
BYSV genome (Fig. 6) might suggest that these three
viruses probably represent three distinct but close
FIG. 5. Analyses of the frameshift region of the genomes for BYSV, stages of the closterovirus evolution which proceeded
BYV, and CTV. (A) Alignment of the C termini of the ORF 1a-encoded through acquisition of new genes and their subsequent
protein product (HEL domain); (B) alignment of the proposed N termini diversification. These acquisitions could be mediated by
of the ORF 1b-encoded protein product (RdRp). Amino acid residues
RNA–RNA recombination (Simon and Bujarski, 1994).identical in two or three sequences are highlighted in bold. (C) Align-
Recent findings of multiple defective RNAs associatedment of the nucleotide sequences (presented as DNA) around the
proposed ribosomal frameshift site for BYSV, BYV, and CTV. Positions with CTV provided strong evidence that recombination
identical in at least two sequences are typed in uppercase letters. is common in the course of the closterovirus infection
Terminators in BYSV and BYV sequences, and a corresponding CGG (Mawassi et al., 1995a,b). Closteroviruses were postu-
codon in CTV, are highlighted in bold italic; terminators are underlined.
lated to evolve from a prototobamoviral ancestor throughThe position of the proposed /1 ribosomal shift in the BYSV genome
a chain of gene acquisitions and rearrangements (Doljais indicated above the alignment. BYV sequence is from Agranovsky
et al. (1994) and CTV sequence is from Karasev et al. (1995). et al., 1994); however, the unusual diversity in genome
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viruses: A distinct group of elongated plant viruses. Adv. Virus Res.organization among the characterized closteroviruses
25, 93–168.(BYV, CTV, and LIYV; Fig. 6) suggests extensive evolution
Bork, P., Sander, C., and Valencia, A. (1992). An ATPase domain com-
within the family Closteroviridae. The BYSV genome (10 mon to prokaryotic cell cycle proteins, sugar kinases, actin and
ORFs) may, thus, represent a missing link, or a bridge, HSP70 heat shock proteins. Proc. Natl. Acad. Sci. USA 89, 7290–
7294.between genomes of BYV (9 ORFs) and CTV (12 ORFs).
Boyko, V. P., Karasev, A. V., Agranovsky, A. A., Koonin, E. V., and Dolja,It is tempting to speculate that the acquisition of the ORF
V. V. (1992). Coat protein gene duplication in a filamentous RNA virus2 (30-kDa protein) by a BYV-like genome was the first
of plants. Proc. Natl. Acad. Sci. USA 89, 9156–9160.
step in the evolution of one-component closteroviruses Brodsky, L. I., Drachev, A. L., Tatuzov, R. L., and Chumakov, K. M. (1990).
which resulted in a BYSV-like genome. Then it was fol- GENBEE: A package of computer programs for biopolymer sequence
analysis. Biopolim. Kletka 7, 10–14.lowed by acquisition of two 3*-proximal ORFs (9 and 11)
Candresse, T., and Martelli, G. P. (1995). Genus Closterovirus. In ‘‘Virusresulting in a CTV-like genome. Although the chain of
Taxonomy. Sixth Report of the International Committee on Taxonomyacquisitions could have been followed by gene losses
of Viruses’’ (F. A. Murphy, C. M. Fauquet, D. H. L. Bishop, S. A.
as well as by rearrangements, analysis of the genome Ghabrial, A. W. Jarvis, G. P. Martelli, M. A. Mayo, and M. D. Summers,
structure of the three closteroviruses suggests that a Eds.), pp. 461–464. Springer-Verlag, Vienna/New York.
Collmer, C. W., and Kaper, J. M. (1985). Double-stranded RNAs of cu-BYV-like genome could have evolved into a CTV-like ge-
cumber mosaic virus and its satellite contain an unpaired terminalnome through at least two steps.
guanosine: Implications for replication. Virology 145, 249–259.Closteroviruses are a diverse group with a range of the
Dolja, V. V., Boyko, V. P., Agranovsky, A. A., and Koonin, E. V. (1991).
most complex genome organizations. Recent progress in Phylogeny of capsid proteins of rod-shaped and filamentous plant
the closterovirus research (Dolja et al., 1994; Agranovsky viruses: Two families with distinct patterns of sequence and probably
structure conservation. Virology 184, 79–86.et al., 1994; Karasev et al., 1995; Klaassen et al., 1995)
Dolja, V. V., Karasev, A. V., and Agranovsky, A. A. (1990). Organization ofrevealed an unusually complex picture posing chal-
the beet yellows closterovirus genome. In ‘‘New Aspects of Positive-lenges for studying mechanisms of virus pathogenesis
Strand RNA Viruses’’ (M. Brinton and F. Heinz, Eds.), pp. 31–35. Am.
and evolution. However, the same unusual diversity Soc. Microbiol., Washington, DC.
among closteroviruses, which surpasses diversity in any Dolja, V. V., Karasev, A. V., and Koonin, E. V. (1994). Molecular biology
and evolution of closteroviruses: Sophisticated build-up of large RNAother plant virus group, creates new research opportuni-
genomes. Annu. Rev. Phytopathol. 32, 261–285.ties for revealing mechanisms of their evolution.
Duffus, J. E. (1972). Beet yellow stunt, a potentially destructive virus
disease of sugar beet and lettuce. Phytopathology 62, 161–165.
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